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Motivated by what is possibly the first sign of new physics seen at the LHC, the diphoton excess
at 750 GeV in ATLAS and CMS, we present a model that provides naturally the necessary ingredi-
ents to explain the resonance. The simplest phenomenological explanation for the diphoton excess
requires a new scalar state, X(750), as well as additional vector-like (VL) fermions introduced in
an ad-hoc way in order to enhance its decays into a pair of photons and/or increase its production
cross-section. We show that the necessary VL quarks and their couplings can emerge naturally from
a complete framework based on the SU(3)L ⊗ U(1)X gauge symmetry.
I. INTRODUCTION AND MOTIVATIONS
The great expectations to find New Physics (NP) at
the LHC may have materialized with the observation of
a diphoton excess at ∼ 4σ at ∼ 750 GeV by the ATLAS
and CMS collaborations [1, 2]. This signal, if confirmed
by further data, would be the first clear and direct LHC
indication of physics beyond the Standard Model (SM),
a framework that was anyway expected to be incomplete
due to its failure to account for non-zero neutrino masses,
dark matter, and the matter-antimatter asymmetry of
the Universe.
Given the low statistical significance of this hint (lo-
cally 3.6σ and 2.6σ in ATLAS and CMS, respectively),
it is definitely too soon to claim the end of the SM. Nev-
ertheless, it is tempting to speculate about the possi-
ble origin of such an excess. In fact, the announcement
of this hint has triggered an intense activity translated
into many recent papers analyzing the diphoton excess
and proposing various physical explanations as to its ori-
gin [3–63]. Generally speaking, the simplest new physics
interpretation of the diphoton excess is through the ra-
diative decay of a new spin-0 state produced resonantly
at the LHC.
In what follows we will assume that indeed NP is
at work here and the resonance, to which we refer as
X(750), is genuine. In contrast with most explanations
to the diphoton excess proposed so far, which introduce
new ad-hoc states to enhance the diphoton rate or
increase the X(750) production cross-section, we will
contemplate the possibility that this particle, as well as
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the necessary ingredients to get the required diphoton
signal, are the result of some gauge extension of the SM.
Perhaps, the simplest phenomenological extension of
the SM that can account for X(750) is the addition of a
real scalar singlet, that we denote as X, and a vector-like
(VL) quark, Q. The combination of these two elements
allows us to write a phenomenological Lagragian,
− Lpheno = 1
2
MXX
2 +MQQQ+ λXQQ , (1)
which effectively generates the interactions with gluons
and photons, csX GµνG
µν +ceX FµνF
µν , with ca ∝ λα
2
a
MQ
for a = s, e and αs(e) is the strong (electromagnetic)
coupling strength.
It is our goal here to generate such effective interactions
from a gauge extension of the SM. A simple embedding
of SU(2)L ⊗ U(1)Y into a larger group is provided by
SU(3)L ⊗ U(1)X . The group structure forces the intro-
duction of new colored fermions to complete the SU(3)L
multiplets. These new quarks are SU(2)L ⊗ U(1)Y sin-
glets after the breaking of SU(3)L⊗U(1)X , and offer the
attractive possibility to account for eq. (1) from the gauge
symmetry. Indeed, if we take for instance a singlet right-
handed quark field QR, a “weak” quark multiplet, and a
scalar in the fundamental representations of SU(3)L:
QL =
(
q
Q
)
L
, Φ =
(
H
X
)
, (2)
which after the breaking SU(3)L ⊗ U(1)X →
SU(2)L ⊗ U(1)Y gives the quarks and Higgs SU(2)L
doublets, qL and H, as well as the iso-singlets Q and
X. We see that the gauge-invariant coupling ΦQLQR
automatically generates at low energies the coupling
XQQ as required in eq. (1).
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2In addition to this attractive feature, models based on
SU(3)c ⊗ SU(3)L ⊗ U(1)X gauge symmetry (3-3-1 for
short) [64–67] constitute a minimal extension of the SM
that could explain the number of generations, and pro-
vide mechanisms to generate small neutrino masses either
radiatively [68, 69] or at tree-level with new testable fla-
vor predictions [70] and gauge bosons physics lying at the
TeV scale. This can also be related to gauge coupling uni-
fication [71] and interesting D-brane constructions [72].
The paper is organized as follows. In the next Section
we present a complete SU(3)L ⊗ U(1)X model with all
the ingredients to explain the diphoton hint observed by
ATLAS and CMS. In Sec. III we derive the low energy
Lagrangian after SU(3)L ⊗ U(1)X breaking, whereas in
Sec. IV we show how this setup naturally accommodates
the X(750) state in a straightforward and natural way,
thus providing a complete framework for the diphoton
anomaly. Finally, we will conclude with a discussion.
II. THE MODEL
We consider a variant of the models in [68, 70]. The
model is based on the SU(3)c ⊗ SU(3)L ⊗ U(1)X gauge
symmetry and contains three generations of lepton
triplets (ψL), two generations of quark triplets (Q
1,2
L ),
one generation of quark anti-triplet (Q3L), plus their
iso-singlet right-handed partners. The gauge symmetry
breaking is achieved through four scalar anti-triplets
(Φ1,2,3 and ΦX). In our conventions, the electric charge
generator is defined as Q = T3 +
1√
3
T8 + X where T3,8
are the diagonal generators of SU(3)L.
1 The particle
content of the model is summarized in table I.
The fermions representations of the model can be de-
composed as:
ψL =
 `−−ν
N c
e,µ,τ
L
,
Q1L =
 ud
D

L
, Q2L =
 cs
S

L
, Q3L =
 b−t
T

L
(3)
The notation used for the extra quarks that constitute
the third components of the SU(3)L triplets Q
1,2,3
L is mo-
tivated by the fact that their electric charges are −1/3
and 2/3 for D/S and T , respectively. The scalar multi-
1 That is, the SU(3)L⊗U(1)X fundamental representations branch
to SU(2)L ⊗ U(1)Y as:
(3,X )→ (2, 1
6
+X )⊕ (1,− 1
3
+X ) and (3,X )→ (2,− 1
6
+X )⊕
(1, 1
3
+ X ).
ψL lR Q
1,2
L Q
3
L q
u
R TR q
d
R DR, SR Φ1 Φ2 Φ3 ΦX
SU(3)C 1 1 3 3 3 3 3 3 1 1 1 1
SU(3)L 3
∗ 1 3 3∗ 1 1 1 1 3∗ 3∗ 3∗ 3∗
U(1)X − 13 −1 0 + 13 + 23 + 23 − 13 − 13 + 23 − 13 − 13 − 13
U(1)L − 13 −1 − 23 + 23 0 0 0 0 + 23 − 43 + 23 − 43
Z2 + + + − + − − + + + − +
TABLE I. Particle content of the model. Here quR ≡
{uR, cR, tR}, qdR ≡ {dR, sR, bR}. The global symmetry U(1)L
allows for a consistent definition of lepton number via the rela-
tion L = 4√
3
T8+L and the Z2 parity simplifies the expressions
of quark masses. See Ref. [68] for further details.
plets can be written as:
Φ1 =
 φ1−φ+1
S+1
 , Φ2,3 =
 φ−2,3−φ2,3
S2,3
 ,ΦX =
 φ−X−φX
X
 .
(4)
While φ+1 , φ
−
2,3 and S
+
1 are electrically charged scalars,
the components φ1,2,3,X , S2,3 and X are neutral. There-
fore, neutral vacuum expectation values (VEVs) are pos-
sible in the following directions, 〈Φ1〉T = (k1, 0, 0)/
√
2,
〈Φ2〉T = (0, k2, n)/
√
2, 〈Φ3〉T = (0, k3, n′)/
√
2, and
〈ΦX〉T = (0, kX , nX)/
√
2. However, in order to recover
the SM in the low energy limit, we assume the hierarchy
k1,2,3,X ∼ vSM  n, n′, nX . Moreover, we consider the
particular vacuum structure where k2 = n
′ = kX = 0 and
nX = 0. The first condition, together with a Z2 symme-
try (see table I), guarantees the existence of a simple
pattern for quark masses, while the second is required
to explain the diphoton excess, as will be clear below. 2
Therefore, the breaking of the gauge groups follows the
chain
SU(3)L ⊗ U(1)X n−→ SU(2)L ⊗ U(1)Y k1,3−−→ U(1)Q .
We note that while the lepton sector does not play an
important role for what interests us here, it can neverthe-
less provide interesting complementary tests to probe the
3-3-1 scale via, for instance, neutrino masses and lepton
flavor violation observables [68, 70].
III. PHENOMENOLOGICAL LAGRANGIAN
FROM SU(3)L ⊗ U(1)X
It is instructive to write the Lagrangian in the
SU(2)L ⊗ U(1)Y symmetric phase, i.e., after SU(3)L ⊗
U(1)X gets broken at a high-energy scale 〈S2〉. Before
2 Consistency with the minimization conditions of the scalar po-
tential of the model has been checked explicitly.
3FIG. 1. The coupling between X and the VL quarks, c, as
a function of VL quarks mass MQ. All the points satisfy the
bound MQ > 800 GeV and exclusion limits on σ(gg → X) ×
BR(X → V V ). The bands correspond to the 95% regions
of the combined ATLAS and CMS data for σ(gg → X) ×
BR(X → γγ) with 13 TeV ((6.1 ± 1) fb [28], dark) and 13
TeV + 8 TeV ((4.4± 1.1) fb [6], light).
symmetry breaking, the quark Lagrangian reads:
Lquarks = Q¯1,2L yuquRΦ∗1 + Q¯3L y˜dqdRΦ1 + +Q¯1,2L y¯ddˆRΦ∗2
+Q¯3L y¯
uTRΦ2 + Q¯
3
L y˜
uquRΦ3 + Q¯
1,2
L y
dqdRΦ
∗
3
+Q¯1,2L y¯
ddˆRΦX + Q¯
3
L y¯
uTRΦX + h.c. , (5)
where we defined dˆR ≡ (DR, SR), quR ≡ {uR, cR, tR} and
qdR ≡ {dR, sR, bR}. After SU(3)L ⊗ U(1)X gets broken
to SU(2)L ⊗ U(1)Y , the SU(3)L triplets split into dou-
blet and singlet representations of SU(2)L. We can write
eq. (5) as:
Lquarks = LSM-quarks + LS+1 + LS2 + LS3 + LX , (6)
where we denote all the terms involving SM quarks and
SU(2)L Higgses (scalar doublets) by LSM-quarks. This
includes for instance terms such as q1,2L iσ2H
∗
2 dˆR, with
σ2 the second Pauli matrix and H
>
2 ≡ (φ2 φ−2 ). The
terms in LS+1 involve a charged scalar and so we ignore
them here. The terms involving interactions with the
neutral singlet S3 are:
LS3 = c′′d S∗3 DL qdR + c′′s S∗3 SL qdR + c′′t S3 TL quR + h.c. ,
(7)
where we have simplified the notation of the couplings.
Since 〈S3〉 = 0, the S3 particle cannot be produced via
gluon fusion to quark loops (i.e., there is no mixing be-
tween SM quarks and the new ones 3 nor can it de-
cay to photons and thus cannot account for the X(750)
resonance). We are then left with two candidates for
X(750): X and S2, giving the low-energy Lagrangians
after SU(3)L ⊗ U(1)X breaking
LS2 = c′d S∗2 DLDR + c′s S∗2 SL SR + c′t S2 TL TR + h.c. ,
(8)
LX = cdX∗DLDR + csX∗ SL SR + ctX TL TR + h.c.
(9)
Again, c
(′)
q are a simplified notation of the components
of the coupling matrices appearing in eq. (5), which we
take to be diagonal for simplicity. For instance we defined
y¯d14 ≡ cd, y¯d25 ≡ cs, y¯u14 ≡ ct, and yd15 = yd24 = 0. From
these two possibilities only X is able to reproduce the
X(750) resonance as S2 would imply an unacceptably
low SU(3)L ⊗ U(1)X breaking scale, see sec. IV.
We refer to app. (B) for a detailed discussion of the
scalar and gauge boson spectra. It is clear then that
LX can be seen as an effective Lagrangian (or ‘simpli-
fied model’) extending the SM with a neutral iso-singlet
scalar, and pairs of vector-like quarks transforming as
(3,1)−1/3 for D and S and as (3,1)2/3 for T . X can be
produced through gluon fusion and decay to photons via
triangle loops involving these new quarks and is therefore
our natural candidate for the diphoton resonance. Vari-
ants of this effective Lagrangian have been analyzed, see
for example [6, 13, 28], and have been shown to be able
to account for the diphoton excess. In the next section
we derive these results for our specific model.
IV. THE DIPHOTON EXCESS
The X particle can decay to a pair of quarks or gauge
bosons. Other decay channels are either kinematically
inaccessible or have very suppressed widths, as explained
below. Taking all the masses of the new quarks to be
MQ, we can approximately express the widths to gluons
3 We notice that our choice for the vacuum structure of the model
guarantees that the exotic quarks that constitute the third com-
ponents of the SU(3)L triplets do not mix with the SM states
after symmetry breaking. This can be seen in app. (C), where
the quark mass matrices are explicitly derived.
4and gammas as: [6]
Γ(X → gg) ' 2MXα
2
s
9pi
(
MX
4piMQ
)2 ∣∣∣∣∣∣
∑
i=d,s,t
ci
∣∣∣∣∣∣
2
=
4MXα
2
s
pi
(
MX
4pin
)2 ( c
c′
)2
, (10)
Γ(X → γγ) ' MXα
2
e
pi
(
MX
4piMQ
)2 ∣∣∣∣∣∣
∑
i=d,s,t
ciQ
2
i
∣∣∣∣∣∣
2
=
4MXα
2
e
3pi
(
MX
4pin
)2 ( c
c′
)2
, (11)
The second equality follows from the assumption of uni-
versal couplings ci = c, c
′
i = c
′, and the relation MQ =
c′n/
√
2. It follows that:
Γ(X → γγ) = 1
3
(
αe
αs
)2
Γ(X → gg) (12)
≈ 2.1× 10−3 Γ(X → gg) ,
where we used
√
4piαs = 1.07 at the energy scale
Q = 750 GeV and
√
4piαe = 0.30 at Q = 0. Therefore,
in the absence of other decay channels, the branch-
ing ratio to photons is BRγγ ≈ 2.1 × 10−3. The
decay widths into Zγ and ZZ via quark loops are
always smaller than the γγ decay width because they
proceed via electroweak mixing; for SU(2)L-singlet
VL fermions the branching ratios are fixed to be:
BRγγ : BRγZ : BRZZ = 1 : 2 tan
2
W : tan
4
W , with
tanW ≈ 0.55. These rates are in agreement with ATLAS
and CMS bounds. The tree-level decay to ZZ is induced
by Z − Z ′ mixing (∝ (k/n)2), and hence suppressed by
the 3-3-1 breaking scale. We found it to be small unless
n . 1.3 TeV, which would be in conflict with bounds on
Z ′ direct searches at LHC which are in the multi-TeV
range [73, 74]. This also excludes the possibility of a
significant contribution of gauge bosons loops to the
diphoton signal. Decays to WW are not present because
there is no W −W ′ mixing due to the underlying gauge
symmetry.
In fig. (1) we show the variation of the coupling c as
a function of the VL quark mass MQ that satisfies the
data. We take the 95% C.L. regions on the combined AT-
LAS and CMS data using only 13 TeV data from Run
II [28] or a combination of 13 TeV and 8 TeV data [6].
On the other hand, in fig. (2) we show for various MW ′
the required coupling c′ in order to fit the data. The
lower-bound on c′ translates the bound MQ > 800 GeV
on VL quarks. For these figures we have used the exact
leading-order relation for Γ(X → γγ) (see app. (A)) in-
stead of the approximation in eq. (10) since MQ ∼ MX .
Furthermore, we estimate the production cross-section
σ(gg → X) adapting the results of [6], and we have ex-
plicitly checked that these are compatible with those in
[4, 28]. We see that the coupling of X with the new
quarks has to be relatively large, ∼ 5 for MQ ∼ 0.8 TeV,
in order to accommodate the 13 TeV data (∼ 4 if one con-
siders the combined 13 TeV and 8 TeV data). Still, com-
pared to the case where only one down(up)-type quark is
present, the improvement is significant since that would
have required couplings as large as ∼ 35(9). Also, we
note that the physical XQQ vertex is c/√2, and not just
c, in the perturbative regime.
Another result that can be extracted from fig. (2) is
that a hierarchy between c and c′ is required in order
to explain the diphoton hint. This excludes what could
be seen as the minimal possibility of our framework to
explain X(750), namely S2. Indeed, in a simpler model
without the ΦX triplet, c = c
′ and the dependence on
the coupling is very weak in the decay widths, as can
be seen in the approximate relations eq. (10) where it
completely disappears. This means that if the signal is
interpreted as arising from the decay of a scalar via VL
quarks loops, then this scalar cannot be the origin of the
VL quarks masses in the context of 3-3-1 models with
non-exotic quark charges.
Finally, we comment on the width of the X(750) res-
onance. Although the ATLAS fit seems to improve if
the width is large, Γ ∼ 6%MX , current data are per-
fectly compatible with the existence of a narrow reso-
nance. Nevertheless, we have investigated whether the
model could simultaneously account for a large width
and the diphoton signal. In principle, the extra de-
cay channel could be provided via the leptonic term
Lleptons ⊃ ysXN cLNS [70], which is required to generate
neutrino masses via the inverse-seesaw mechanism [75].4
However, we have found that such term cannot increase
the width of the X(750) scalar so as to reach the best-fit
value found by ATLAS. Therefore, if future data shows
a clear preference for a broad resonance, an extension of
our setup will be required.
V. DISCUSSION AND CONCLUSIONS
In this article we have shown that a simple gauge
extension of the SM can account for the diphoton
excess recently observed by ATLAS and CMS. The
gauge structure of the theory requires 3 extra quarks
to complete the fundamental SU(3)L multiplets. These
quarks are effectively SU(2)L singlet VL quarks at low
energies. If coupled to a fundamental scalar (anti-)triplet
that does not contribute dominantly to their mass (if
it takes VEV) then the low-energy iso-singlet explains
naturally the X(750) resonance.
The multiplicity of the new quarks, due to the
number of families, reduces the severe requirement
4 Here NS denotes a Majorana SU(3)L singlet (whose majorana
mass is the usual ‘µ term’ of the inverse-seesaw).
5FIG. 2. The coupling between X and the VL quarks, c, as
a function of the coupling c′ (MQ = c′n/
√
2) for different
masses of the W ′ gauge boson. All the points satisfy the
bound MQ > 800 GeV and exclusion limits on σ(gg → X) ×
BR(X → V V ). The bands correspond to the 95% regions
of the combined ATLAS and CMS data for σ(gg → X) ×
BR(X → γγ) with 13 TeV ((6.1 ± 1) fb [28], dark) and 13
TeV + 8 TeV ((4.4± 1.1) fb [6], light).
on the coupling between X and the quarks. This
translates as a possible perturbative explanation for the
diphoton anomaly. Moreover, we find that X cannot
be responsible of the diphoton signal and the breaking
of SU(3)L ⊗ U(1)X to the electroweak gauge group at
the same time, as that would be excluded by Z ′ direct
searches.
To conclude, we emphasize once again that more data
is required in order to fully assess the relevance of the
diphoton excess. If confirmed, exciting times will come
in the quest of New Physics that expands our current un-
derstanding of particles physics. Indeed, X may well be
the tip of the iceberg, and future data of LHC will reveal
other particles from the UV completion of the theory,
possibly in the form of new colored particles and new
gauge bosons which are all lying around the TeV scale in
our framework.
NOTE ADDED
Shortly after the appearance of our paper, other expla-
nations for the diphoton excess based on the SU(3)L ⊗
U(1)X gauge symmetry were proposed in [76–78]. In con-
trast to the specific model introduced here, these refer-
ences consider 3-3-1 models with exotic electric charges,
typically leading to slightly lower Yukawa couplings to
explain the diphoton excess.
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Appendix A: X → γγ width
Following [79, 80], the diphoton decay width of the
scalar X to two photons via a loop with particles D, S,
T , all with mass MQ > MX/2, is given by:
Γ(X → γγ) = αeM
3
X
512pi3M2Q
∣∣∣∣∣∣Nc
∑
i=D,S,T
ciQ
2
iA1/2(τi)
∣∣∣∣∣∣
2
,
(A1)
with τi = 4M
2
Qi
/M2X , Nc = 3, Qi the electric charges of
the heavy quarks and
A1/2(τ) = 2τ
2
(
τ−1 +
(
τ−1 − 1) f(τ−1)) , (A2)
f(x) = arcsin2
√
x . (A3)
We note that the last expression is valid for a X(750)
scalar whose mass is below the kinematic threshold for
the production of two heavy Q states.
Appendix B: Scalar potential and mass spectrum
The scalar potential of the model can be written as: 5
V =
∑
i
µ2i |Φi|2 + λi|Φi|4 +
∑
i 6=j
λij |Φi|2|Φj |2
+f (Φ1Φ2Φ3 + h.c.) +
κ
2
[
(Φ†2ΦX)
2 + h.c.
]
,
(B1)
5 For the sake of clarity and simplicity, we consider all the terms
involving a single power of Φ2,X as either absent or with a very
small coupling, which is technicaly natural since this enhances
the symmetries of the potential. We also assume CP conservation
in the scalar potential.
6where i = 1, 2, 3, X. The Z2-soft-breaking term,
fΦ1Φ2Φ3, is required to break accidental symmetries
appearing in the scalar potential. Since Φ2 and ΦX
have identical quantum numbers, all the operators in
the scalar potential remain invariant in the exchange
Φ2 ↔ ΦX , however we have assumed in eq. (B1) that
operators involving only one power of ΦX are absent (ei-
ther because their couplings are so small that they can
be ignored, or because of a symmetry which distinguishes
Φ2 from ΦX , e.g. a parity) in order to avoid tree-level
mixing between X and the SM Higgses and allow for
the particular vacuum solution with nX = 0. Assum-
ing k1 ∼ k3 ≡ k  n and universal couplings, we find
that the mass spectrum of the charged scalars is given at
leading order as: 6
M2(φ±2 ) = 0 , (B2)
M2((φ±1 + φ
±
3 )/
√
2) = 0 , (B3)
M2((φ±1 − φ±3 )/
√
2) ∼ 1√
2
f n , (B4)
M2(S±1 ) ∼
√
2f n , (B5)
M2(φ±X) = µ
2
X + λ k
2 . (B6)
The masses of the neutral CP-even scalars are, up to
corrections of O(k2):
M2(<(φ1 + φ3)/
√
2) ∼ (2λ+
√
2
f
n
− 1
2
f2
λn2
)k2 ,
(B7)
M2(<(φ1 − φ3)/
√
2) ∼ 1√
2
f n , (B8)
M2(<φ2) = 0 , (B9)
M2(<S2) ∼ 2λn2 , (B10)
M2(<S3) ∼
√
2f n , (B11)
M2(<φX) = µ2X + λ k2 . (B12)
On the other hand, the masses of the neutral CP-odd
scalars at leading order are given as:
M2(=(φ1 + φ3)/
√
2) ∼
√
2f n , (B13)
M2(=(φ1 − φ3)/
√
2) = 0 , (B14)
M2(=φ2) = 0 , (B15)
M2(=S2) = 0 , (B16)
M2(=S3) ∼ 1√
2
f n , (B17)
M2(=φX) = µ2X + λ k2 . (B18)
Finally, the state <X ≡ X has a mass:
M2(<X) = M2X (B19)
= µ2X +
1
2
(λ1X + λ3X) k
2 +
1
2
κn2
and does not mix with the other CP-even scalars. The
mass of its CP-odd counterpart, =X, can be indepen-
dently set with a proper choice of the κ quartic coupling,
as one finds M2(<X) −M2(=X) = κn2. The massless
scalars found in the above equations correspond to the
degrees of freedom ‘eaten-up’ by the charged and neutral
gauge bosons, respectively, which acquire the following
masses:
m2W =
1
2
g22 k
2 , (B20)
m2W ′ =
1
4
g22 n
2 , (B21)
m2Z =
g22(4g
2
1 + 3g
2
2)
2 (g21 + 3g
2
2)
k2 , (B22)
m2Z′ =
1
9
(g21 + 3g
2
2)n
2 , (B23)
m2XG = m
2
YG =
1
4
g22 n
2 . (B24)
with g2(g) being the coupling constant of SU(3)L
(U(1)X ). Notice that since S2 is singlet under the SU(2)L
subgroup contained in SU(3)L, the VEV n will control
the four new gauge bosons masses and break SU(3)L to
SU(2)L. On the other hand, SU(2)L ⊗ U(1)Y is broken
at the electroweak scale by the k1 and k3 VEVs down
to the electromagnetic U(1)Q symmetry. For f ∼ n all
the scalars of the model are naturally heavy, except one
state that we can identify with the SM Higgs boson, i.e.,
H ≡ (φ1 + φ3)/
√
2, in good approximation. Indeed, its
couplings to the fermions confirm that the state H is the
one that gives mass to the SM fermions.
Appendix C: Quark masses
The quark Lagrangian in eq. (5) leads to the following
mass matrices:
Md = − 1√
2

yd11 k2 y
d
12 k2 y
d
13 k2 0 0
yd21 k2 y
d
22 k2 y
d
23 k2 0 0
y˜d11 k1 y˜
d
12 k1 y˜
d
13 k1 0 0
0 0 0 y¯d14 n y¯
d
15 n
0 0 0 y¯d24 n y¯
d
25 n
 ,
(C1)
Mu = − 1√
2

yu11 k1 y
u
12 k1 y
u
13 k1 0
yu21 k1 y
u
22 k1 y
u
23 k1 0
y˜u11 k2 y˜
u
12 k2 y˜
u
13 k2 0
0 0 0 y¯u14 n
 . (C2)
The Z2 symmetry, see table I, is introduced so that the
SM quarks and the new ones are independent of each
other and can be adjusted individually to easily obtain
a realistic quark sector and heavy exotic quarks at the
same time.
7[1] M. Kado, “Atlas collaboration,” (15/12/2015), seminar
on behalf of ATLAS collaboration.
[2] J. Olsen, “Cms collaboration,” (15/12/2015), seminar
on behalf of CMS collaboration.
[3] S. Di Chiara, L. Marzola, and M. Raidal, (2015),
arXiv:1512.04939 [hep-ph].
[4] R. Franceschini, G. F. Giudice, J. F. Kamenik, M. Mc-
Cullough, A. Pomarol, R. Rattazzi, M. Redi, F. Riva,
A. Strumia, and R. Torre, (2015), arXiv:1512.04933
[hep-ph].
[5] A. Pilaftsis, (2015), arXiv:1512.04931 [hep-ph].
[6] D. Buttazzo, A. Greljo, and D. Marzocca, (2015),
arXiv:1512.04929 [hep-ph].
[7] S. Knapen, T. Melia, M. Papucci, and K. Zurek, (2015),
arXiv:1512.04928 [hep-ph].
[8] A. Angelescu, A. Djouadi, and G. Moreau, (2015),
arXiv:1512.04921 [hep-ph].
[9] M. Backovic, A. Mariotti, and D. Redigolo, (2015),
arXiv:1512.04917 [hep-ph].
[10] Y. Mambrini, G. Arcadi, and A. Djouadi, (2015),
arXiv:1512.04913 [hep-ph].
[11] K. Harigaya and Y. Nomura, (2015), arXiv:1512.04850
[hep-ph].
[12] Y. Bai, J. Berger, and R. Lu, (2015), arXiv:1512.05779
[hep-ph].
[13] A. Falkowski, O. Slone, and T. Volansky, (2015),
arXiv:1512.05777 [hep-ph].
[14] C. Csaki, J. Hubisz, and J. Terning, (2015),
arXiv:1512.05776 [hep-ph].
[15] J. Chakrabortty, A. Choudhury, P. Ghosh, S. Mondal,
and T. Srivastava, (2015), arXiv:1512.05767 [hep-ph].
[16] L. Bian, N. Chen, D. Liu, and J. Shu, (2015),
arXiv:1512.05759 [hep-ph].
[17] D. Curtin and C. B. Verhaaren, (2015), arXiv:1512.05753
[hep-ph].
[18] S. Fichet, G. von Gersdorff, and C. Royon, (2015),
arXiv:1512.05751 [hep-ph].
[19] W. Chao, R. Huo, and J.-H. Yu, (2015),
arXiv:1512.05738 [hep-ph].
[20] S. V. Demidov and D. S. Gorbunov, (2015),
arXiv:1512.05723 [hep-ph].
[21] R. Martinez, F. Ochoa, and C. F. Sierra, (2015),
arXiv:1512.05617 [hep-ph].
[22] J. M. No, V. Sanz, and J. Setford, (2015),
arXiv:1512.05700 [hep-ph].
[23] A. Ahmed, B. M. Dillon, B. Grzadkowski, J. F. Gunion,
and Y. Jiang, (2015), arXiv:1512.05771 [hep-ph].
[24] P. Cox, A. D. Medina, T. S. Ray, and A. Spray, (2015),
arXiv:1512.05618 [hep-ph].
[25] A. Kobakhidze, F. Wang, L. Wu, J. M. Yang, and
M. Zhang, (2015), arXiv:1512.05585 [hep-ph].
[26] Q.-H. Cao, Y. Liu, K.-P. Xie, B. Yan, and D.-M. Zhang,
(2015), arXiv:1512.05542 [hep-ph].
[27] B. Dutta, Y. Gao, T. Ghosh, I. Gogoladze, and T. Li,
(2015), arXiv:1512.05439 [hep-ph].
6 We identify the corresponding (approximate) eigenstates be-
tween parentheses.
[28] J. Ellis, S. A. R. Ellis, J. Quevillon, V. Sanz, and T. You,
(2015), arXiv:1512.05327 [hep-ph].
[29] C. Petersson and R. Torre, (2015), arXiv:1512.05333
[hep-ph].
[30] M. Low, A. Tesi, and L.-T. Wang, (2015),
arXiv:1512.05328 [hep-ph].
[31] S. D. McDermott, P. Meade, and H. Ramani, (2015),
arXiv:1512.05326 [hep-ph].
[32] T. Higaki, K. S. Jeong, N. Kitajima, and F. Takahashi,
(2015), arXiv:1512.05295 [hep-ph].
[33] S. Matsuzaki and K. Yamawaki, (2015),
arXiv:1512.05564 [hep-ph].
[34] D. Aloni, K. Blum, A. Dery, A. Efrati, and Y. Nir,
(2015), arXiv:1512.05778 [hep-ph].
[35] B. Bellazzini, R. Franceschini, F. Sala, and J. Serra,
(2015), arXiv:1512.05330 [hep-ph].
[36] E. Gabrielli, K. Kannike, B. Mele, M. Raidal, C. Speth-
mann, and H. Veerme, (2015), arXiv:1512.05961 [hep-
ph].
[37] R. Benbrik, C.-H. Chen, and T. Nomura, (2015),
arXiv:1512.06028 [hep-ph].
[38] J. S. Kim, J. Reuter, K. Rolbiecki, and R. R. de Austri,
(2015), arXiv:1512.06083 [hep-ph].
[39] A. Alves, A. G. Dias, and K. Sinha, (2015),
arXiv:1512.06091 [hep-ph].
[40] L. M. Carpenter, R. Colburn, and J. Goodman, (2015),
arXiv:1512.06107 [hep-ph].
[41] J. Bernon and C. Smith, (2015), arXiv:1512.06113 [hep-
ph].
[42] Y. Nakai, R. Sato, and K. Tobioka, (2015),
arXiv:1512.04924 [hep-ph].
[43] E. Molinaro, F. Sannino, and N. Vignaroli, (2015),
arXiv:1512.05334 [hep-ph].
[44] F. P. Huang, C. S. Li, Z. L. Liu, and Y. Wang, (2015),
arXiv:1512.06732 [hep-ph].
[45] X.-F. Han and L. Wang, (2015), arXiv:1512.06587 [hep-
ph].
[46] J. Cao, C. Han, L. Shang, W. Su, J. M. Yang, and
Y. Zhang, (2015), arXiv:1512.06728 [hep-ph].
[47] R. Ding, L. Huang, T. Li, and B. Zhu, (2015),
arXiv:1512.06560 [hep-ph].
[48] D. Barducci, A. Goudelis, S. Kulkarni, and D. Sengupta,
(2015), arXiv:1512.06842 [hep-ph].
[49] M. Chala, M. Duerr, F. Kahlhoefer, and K. Schmidt-
Hoberg, (2015), arXiv:1512.06833 [hep-ph].
[50] M. Bauer and M. Neubert, (2015), arXiv:1512.06828
[hep-ph].
[51] J. M. Cline and Z. Liu, (2015), arXiv:1512.06827 [hep-
ph].
[52] W. S. Cho, D. Kim, K. Kong, S. H. Lim, K. T. Matchev,
J.-C. Park, and M. Park, (2015), arXiv:1512.06824 [hep-
ph].
[53] L. Berthier, J. M. Cline, W. Shepherd, and M. Trott,
(2015), arXiv:1512.06799 [hep-ph].
[54] J. S. Kim, K. Rolbiecki, and R. R. de Austri, (2015),
arXiv:1512.06797 [hep-ph].
[55] X.-J. Bi, Q.-F. Xiang, P.-F. Yin, and Z.-H. Yu, (2015),
arXiv:1512.06787 [hep-ph].
[56] M. Dhuria and G. Goswami, (2015), arXiv:1512.06782
[hep-ph].
8[57] W. Liao and H.-q. Zheng, (2015), arXiv:1512.06741 [hep-
ph].
[58] F. Wang, L. Wu, J. M. Yang, and M. Zhang, (2015),
arXiv:1512.06715 [hep-ph].
[59] O. Antipin, M. Mojaza, and F. Sannino, (2015),
arXiv:1512.06708 [hep-ph].
[60] J. J. Heckman, (2015), arXiv:1512.06773 [hep-ph].
[61] J. Chang, K. Cheung, and C.-T. Lu, (2015),
arXiv:1512.06671 [hep-ph].
[62] W. Chao, (2015), arXiv:1512.06297 [hep-ph].
[63] D. Bardhan, D. Bhatia, A. Chakraborty, U. Maitra,
S. Raychaudhuri, and T. Samui, (2015),
arXiv:1512.06674 [hep-ph].
[64] M. Singer, J. Valle, and J. Schechter, Phys.Rev. D22,
738 (1980).
[65] J. Valle and M. Singer, Phys.Rev. D28, 540 (1983).
[66] F. Pisano and V. Pleitez, Phys. Rev. D46, 410 (1992),
arXiv:hep-ph/9206242 [hep-ph].
[67] P. H. Frampton, Phys. Rev. Lett. 69, 2889 (1992).
[68] S. M. Boucenna, S. Morisi, and J. W. F. Valle, Phys.Rev.
D90, 013005 (2014), arXiv:1405.2332 [hep-ph].
[69] H. Okada, N. Okada, and Y. Orikasa, (2015),
arXiv:1504.01204 [hep-ph].
[70] S. M. Boucenna, J. W. F. Valle, and A. Vicente, Phys.
Rev. D92, 053001 (2015), arXiv:1502.07546 [hep-ph].
[71] S. M. Boucenna, R. M. Fonseca, F. Gonzalez-Canales,
and J. W. F. Valle, (2014), arXiv:1411.0566 [hep-ph].
[72] A. Addazi, (2015), arXiv:1504.06799 [hep-ph].
[73] R. Martinez and F. Ochoa, Phys. Rev. D90, 015028
(2014), arXiv:1405.4566 [hep-ph].
[74] C. Salazar, R. H. Benavides, W. A. Ponce, and E. Rojas,
JHEP 07, 096 (2015), arXiv:1503.03519 [hep-ph].
[75] R. Mohapatra and J. Valle, Phys.Rev. D34, 1642 (1986).
[76] Q.-H. Cao, Y. Liu, K.-P. Xie, B. Yan, and D.-M. Zhang,
Phys. Rev. D93, 075030 (2016), arXiv:1512.08441 [hep-
ph].
[77] A. E. C. Herna´ndez and I. Nisandzic, (2015),
arXiv:1512.07165 [hep-ph].
[78] P. V. Dong and N. T. K. Ngan, (2015), arXiv:1512.09073
[hep-ph].
[79] M. Spira, A. Djouadi, D. Graudenz, and P. M. Zer-
was, Nucl. Phys. B453, 17 (1995), arXiv:hep-ph/9504378
[hep-ph].
[80] M. Carena, I. Low, and C. E. M. Wagner, JHEP 08, 060
(2012), arXiv:1206.1082 [hep-ph].
